Introduction
. ,." i • L owing to differences in soil texture, in the abunConcern about soil degradation after forest dance of stones and tree roots, and the amount operations and its impact on future stand pro-and distribution of organic matter, etc. duction has increased during the recent decades. Important factors affecting the degree of soil Froehlich and McNabb (1984) , among others, deformation include the total mass of the vehireported that mechanized harvesting and cle, the wheel load and dynamic shear forces, extraction cause soil change that may influence During compactive soil deformation, strength future site productivity. A great deal of research and bulk density increase, porosity is reduced, work has been conducted in this area with agri-the pore size distribution changes, and the infilcultural soils, e.g. Eriksson (1982) , Hakansson tration rate decreases (Greacen and Sands, (1994) and Soane and Ouwerkerk (1994). 1980) . However, models for predicting soil deformaOne way to reduce the impact on the soil is tions developed for agricultural soils cannot to decrease the contact pressure, which can be automatically be applied to forest conditions achieved by increasing tyre dimensions and reducing inflation pressure (Boiling, 1985) . Another alternative is to use tracked vehicles. Reaves and Cooper (1960) found that the vertical stress from a wheel extended twice as deep as that extending from a track supporting an equal load (1.6 Mg). Soehne (1958) concluded that 'the pressure in the upper soil layer is determined by the specific pressure at the surface', and that 'the pressure in deeper soil layers is determined by the amount of the load'. This was verified under agricultural field conditions by e.g. Danfors (1977) .
The aim of this study was to compare a wheeled vehicle with a tracked vehicle of equal mass in terms of their effects on certain soil physical parameters. The following hypotheses were set up:
1 Since the two vehicles have an equal mass, alterations to soil physical parameters should reach about the same depth. 2 The wheeled vehicle should cause greater alteration to soil physical parameters in the surface than the tracked one, due to a larger contact pressure.
Materials and methods

Study area
The study area was located in central Sweden (60°15' N, 16°15'E; 200 km NW Stockholm) at an elevation of 105 m. The experimental area was located in a depression in an undulating landscape with a 5 per cent slope towards the south-west. A podzol has formed on top of a sediment layer (silt loam) overlying a glacial till. The mineral soil was covered with an organic layer approximately 5 cm thick. Data on soil composition as well as grading coefficients are presented in Table 1 . The mean annual precipitation for the area is 680 mm, and the site is moderately well drained. The moisture content during the experiment was rather high in the upper soil layer, averaging 32 per cent (dry weight basis) at 20 cm depth, and 19 per cent at 40 cm depth. The ground was covered with Deschampsia sp. and some mosses, e.g. Pleurozium sp. and Hylocomium sp. The c. 2-ha area was clear-cut, except for some seed trees, and timber was extracted under frozen conditions in the 1994/95 winter. The study was carried out in June 1995.
Machines
Two machines were used in the study, one steeltracked excavator and one six-wheeled forwarder ( Table 2 ). The excavator was modified for forestry use as a single-grip harvester. Logs were loaded on the wheeled machine in order to reach about the same total mass as the tracked machine. Mean ground pressures were calculated according to Anon. (1981) .
Experimental design and measurements
Two routes, one for each machine, were marked on the ground and slash was removed manually. The machines were assigned to the routes randomly. Along the route, at about 6-m intervals, three transect lines were established at right angles to the route (Figure 1 ). The transect lines were delimited by wooden rods. The machines were driven back and forth on the routes. Measurements of rut formation, penetration resistance, bulk density and water content were made immediately after trafficking the route, at the intervals and positions shown in Figure 1 . Owing to the high risk of getting stuck with the Before passage, a string was stretched between the wooden rods, delimiting the transect lines. At 10 cm intervals, the distance between the ground and string was measured both before and after the trafficking treatment, as well as after one pass, and the difference between the measurements was calculated to determine rut formation. When applicable, data from all transect lines for one machine were joined and averaged.
Bulk density and water content were measured with a dual-probe strata gauge (Anon., 1988) . Bulk density was determined with use of measuring rods were kept intact during the passage of machinery by placing wooden rods of the same diameter in them. In this way, it was possible to take all the measurements, i.e. before trafficking and after various numbers of passes, at the same positions. Measured values from outside the track and between the ruts were treated as controls and were compared with the measurements taken in the ruts. The relative change in density was calculated as: 100
where AR is relative change in density (%), / is number of passes (»' = 2, 4, 6, 8), ;' is depth (j = 5, 10, 15, 20, 30, 40, 50) , c is the control, and p is density. Penetration resistance was measured using an electrically powered cone penetrometer (Olsen, 1988) equipped with a 20.1-mm 30° cone. The penetration resistance is presented as pressure, which is the penetration force divided by the cone base area. The analysis of variance of the data was carried out using the GLM SAS procedure (Anon., 1990) .
After driving the machines, soil cores (51 mm long, 50 mm diam.) were taken at 5, 10, 20, 30, and 40 cm depths ( Figure 1 ). The cores were sealed and brought to the laboratory where the fresh weight was determined. Intrinsic air permeability was measured using an air permeameter (Anon., 1983) . The cores were then saturated and the hydraulic conductivity determined with help of a constant head permeameter (Anon., 1985) . Water retention was measured at saturation and at 6 kPa and 30 kPa pressure in a ceramic plate extractor (Anon., 1994) . The 6 kPa and 30 kPa pressure corresponds to an equivalent pore diameter of approximately 50 u-m and 10 u,m respectively. Finally, the cores were ovendried at 105°C to constant weight and bulk density and porosity were determined. For each machine and depth, the values from cores taken in the ruts were joined into one group and the means were compared with the control.
The water content of the cores was used to correct the water content readings given by the strata gauge. A correction for the wet density readings given by the gauge proved to be unnecessary.
Results
Rut depth increased with the number of passes (Figure 2 ). The wheeled machine left visible bulgings alongside the ruts. Rut depth after two passes with the wheeled machine was about equal to the depth reached after eight passes with the tracked machine (Figure 2) .
The relation between bulk density and number of passes is shown in Figure 3 . The soil was quite compact, reaching 1.8 g cm" 3 at 50 cm depth before traffic. The traffic-caused increase in bulk density (compaction) reached 40-50 cm depth with both vehicles. Figure 4 shows how the relative change in bulk density varied with the number of passes with the two machines. In the top 5 cm of the soil, bulk density decreased after being trafficked with the wheeled machine (Figure 4 ), probably as a result of organic matter being mixed into the mineral soil during wheel-slip. Bulk density also decreased as the number of passes increased. The tracked machine, on the other hand, caused compaction at 5 cm depth. The maximum relative compaction (42 per cent) occurred at 10 cm depth after eight passes with the tracked machine, whereas with the wheeled machine the maximal relative compaction (37 per cent) occurred at 15 cm depth after six passes ( Figure  4) .
The maximum depth of cone penetration ,was about 50 cm, both immediately after trafficking as well as 14 months afterwards. However, this depth was seldom reached owing to the high penetration resistance in the soil. Trafficking with the wheeled machine caused an immediate decrease in cone resistance in the uppermost 15 cm (not shown). Similarly, the tracked machine caused a decrease in cone resistance 15-25 cm below the soil surface (not shown). Fourteen months after the initial study, cone resistance in the ruts had increased and was larger in trafficked routes than in controls (Tables 3 and 4) .
Total porosity, air-filled porosity, and the conductivity of air and water were decreased, with some exceptions, by traffic (Table 5 ). The remoulding effect of the wheels resulted in a small increase in porosity and air-filled porosity in the 5 cm layer, compared with the control. However, these increases were not paralleled by rises in conductivity (Table 5) . Intrinsic air permeability decreased by a factor of 100 for depths below 5 cm for the tracked vehicle. The relative amount of coarse pores (>50 u,m) was decreased by traffic (Table 6 ). In general, the control had the highest relative amount of coarse pores. The decrease was largest after being trafficked by the tracked vehicle.
Even though porosity and the relative amount of coarse pores increased in the uppermost layer after being trafficked by the wheeled vehicle, intrinsic air permeability and saturated hydraulic conductivity were lower than in the control (Tables 5 and 6 ).
Discussion
There was a clear difference in the depth of the ruts formed by the two vehicles: the tracked vehicle caused shallow ruts and left the organic layer and root mat intact, whereas the wheeled vehicle cut the roots and mixed the organic layer into the mineral soil. Deep ruts may conduct water during precipitation events and thus increase the risk of soil erosion. Since the soil water content was rather high during the experiment, the ruts were probably deeper than would have been the case under drier conditions. Braunack and Williams (1993) reported that rut depth after six passes with a tracked vehicle increased by about 70 per cent when the soil water content was increased from 11 per cent to 18.5 per cent.
Except in the uppermost layer on the area passed over by the wheeled machine, bulk density increased with the number of passes for both vehicles. Traffic-caused increases in bulk density have been reported by Burger et al. (1984) and Froehlich and McNabb (1984) Values are mean i s.e. Number of observations = 3-6. Downloaded from https://academic.oup.com/forestry/article-abstract/71/1/57/518296 by guest on 24 January 2019 among others. In contrast, Lenhard (1986) reported a decrease in bulk density in the upper soil layer after one and two passes with a rubber-tyred skidder having a ground pressure of 55 kPa. One reason given for this decrease is that the samples from trafficked soil contained more organic material. Braunack (1986) also found a decrease in bulk density in the uppermost 5 cm after the first pass with a tracked vehicle. He attributed this to a 'cultivation' effect of the track. In the present study, the tracked vehicle did not have any such effect. Both machines in this study increased bulk density to a depth of c. 40-50 cm compared with the controls (Figures 3 and 4) . Culleh etal. (1991) reported no increase in bulk density below 30 cm in trafficked soil (vehicles not specified) while Jakobsen and Greacen (1985) found that the change in soil physical properties reached at least 70 cm (26 tonne forwarder). For the tracked vehicle the relative change in bulk density (42 per cent) peaked after eight passes at 10 cm depth. At this depth, six passes with the wheeled machine caused a 20 per cent relative increase. These results contradict the second hypotheses, i.e. that the tracked machine would have less of an effect on bulk density at the surface.
A decrease in cone resistance was registered in the upper soil layer immediately after being trafficked, especially in the wheeled-machine treatment. A few other researchers, e.g. Jakobsen and Greacen (1985) , Braunack (1986) and Braunack and Williams (1993) , have also reported this phenomenon. Jakobsen and Greacen (1985) proposed that the phenomenon could have been due to a loss of thixotropic strength in the soil, or to an increase in the soil moisture content to near saturation, which would have rendered the soil non-compactable. They presumed that the decrease in penetration resistance was only temporary. When the measurements were repeated 14 months after the trafficking treatment in this study, a statistically significant increase in penetration resistance was, in many cases, found in trafficked plots compared with controls. The mechanisms responsible for this hardening with age were described by Dexter et al. (1988) .
Results of the conductivity measurements were variable and must be interpreted with cau-' tion. At 5 cm depth, conductivity was almost the same in the control plots and the plots trafficked with the tracked vehicle, whereas the values for the wheeled-machine plots were lower (Table 5) . Nevertheless, the relative amount of coarse pores was lower for the tracked-vehicle plots than for the wheeled-vehicle plots. The results at 10 cm depth were similar. The slight increase in porosity at 5 cm and 10 cm depth in plots trafficked by the wheeled machine, compared with the controls, did not contribute to higher conductivity despite the relative increase in the number of coarse pores. Maybe the continuity of the coarse pores was broken by the traffic.
In this study, macropores were defined as pores >50 u,m. Pores larger than 50 u.m are often referred to as non-capillary pores (Burger et al., 1984) and are normally filled with air at field capacity. Other authors have classified pores larger than 30 u,m as macropores (Horn and Lebert, 1994; Rab, 1994) , while still others set the limit at 60 u,m (Incerti et al., 1987) . Traffic caused the relative amount of macropores to decrease compared with the control, whereas the smaller pores showed a relative increase, which has also been reported by others (Jacobsen and Moore, 1981; Incerti et al., 1987; Rab, 1994) .
Air-filled porosity, « a , was very low throughout the study area. It was only in the upper 5 cm that « a exceeded 10 per cent, commonly regarded as the critical level for soil aeration (Edling, 1986) .
Before driving the vehicles, all slash was removed from the ground surface in order to eliminate one source of error. Normally, after a practical forest operation the thickness of the slash layer varies considerably, which would have made it harder to interpret the results. Machine operators are usually instructed to put slash and debris in front of the machines in order to reinforce and shield the ground. Therefore, one could expect the effect of driving on soil physical parameters to be less on slashcovered roads. Jacobsen and Moore (1981) found that after three passes the saturated hydraulic conductivity was 46 per cent higher on slash-covered ground, compared with uncovered ground. The effect of the slash cover diminished as the number of passes increased. McMahon and Evanson (1994) reported that traffic caused a 25 per cent increase in soil bulk density in soil without slash, whereas in soil covered with slash the increase was only 16 per cent.
Since the present study was conducted on only one soil type at a constant water content it is not possible to generalize based on our results. The effects need to be tested and confirmed on other soils and at different water contents. Furthermore, the role of slash in mediating the effects of machine traffic on soil physical parameters needs to be investigated. Another important factor to be addressed is the effect of vehicle turns on soils. The results from these supplementary studies could be used by decision-makers at forest companies to help improve forestry practices (reduce the adverse effects of harvesting and thinning operations).
In a wider sense, research on how changes in soil physical parameters due to machinery traffic affect tree growth is a very important area that needs more study.
Conclusions
It was found that the depth to which soil physical parameters were influenced by traffic was about the same for tracked and wheeled vehicles. This finding is in agreement with the first hypothesis, i.e. that the mass of the machine determines the depth to which soil physical parameters are altered.
Traffic with the wheeled machine caused a reduction in bulk density at 5 cm depth, whereas the tracked machine caused an increase in bulk density at this depth'. This finding contradicts the hypothesis that the tracked vehicle, with its lower contact pressure, should result in less change to the surface than the wheeled vehicle, with its larger ground pressure. However, the tracked vehicle only formed shallow ruts, leaving the soil surface intact, whereas the wheeled vehicle created deep ruts. This indicates that on soils with a low bearing capacity, tracked vehicles are to be preferred. Deep ruts collect water during precipitation and may increase soil erosion and waterlogging. A practical recommendation would be to minimize traffic in order to affect the soil as little as possible.
